For triplet excitons in dimers of differently oriented molecules the temperature dependence of the ESR linewidth is calculated analytically. The temperature of the extrema of the linewidth is discussed as a function of the coupling strength between excitons and phonons.
I. INTRODUCTION
The transverse relaxation rate ofESR of triplet excitons in pairs of differently oriented molecules is interesting both theoretically and experimentally. On the one hand, this quantity is determined by and, therefore, yields information on dephasing processes influencing exciton dynamics and, on the other hand, the transverse relaxation time determines the homogeneous ESR linewidth and the spin-echo decay time. From this interplay between models describing dephasing and experimentally obtainable quantities one can learn about exciton dynamics not only in pair systems, but also in more extended molecular aggregates and in crystals. 1,2 Very detailed information is available for triplet excitons in naphthalene-h s pairs consisting of the two differently oriented molecules in the unit cell of naphthalene-ds crystals. 3 -6 Because of inhomogeneous broadening, the homogeneous ESR linewidth cannot be derived directly from absorption lines 3 ,4,6; however, saturation experiments 4 ,6,7 are possible, for which a theoretical explanation, based on a microscopic model, has been given recently.S-1O The spin-echo decay time, however, can be measured directly.5 The measurements show that with increasing temperature the transverse relaxation rate first increases, assumes a maximum value, and then decreases. A qualitative description of this behavior based on the Haken-Strobl model I 1,14 for the coupled coherent and incoherent exciton motion has been published. 14 . 15 However, on account ofthe stochastic treatment ofthe phonons in the Haken-Strobl model, these results are difficult to apply at low temperatures. Therefore, in this contribution, we analytically calculate the transverse relaxation rate (homogeneous linewidth) starting from a microscopic model s . 9 ,16-19 and compare the results with experimental data.
II. MODEL
The Hamiltonian of the model may be decomposed into a system part Hs, a bath part H B , and the interaction Hint between system and bath. 20 . 21 The system part contains the excitonic and spin degrees of freedom: (2.3) at ,at are creation operators for Frenkel excitons with excitation energy E at the two differently oriented molecules in the unit cell which as usually are denoted by A and B. J is the electronic interaction matrix element between the molecules. The coordinate system in our calculation has the z axis parallel to the static magnetic field Hz. S is the operator of a triplet spin: FA and F B are the fine-structure tensors of the two differently oriented molecules.
It is convenient to introduce operators a l + = (at -at )/.J2 and at = (at + at )/.J2 creating excitons in the lower and upper Davydov components with energy E -J and E + J, respectively. The system Hamiltonian then becomes treating the fine-structure interaction as a perturbation. A schematic representation of the energy eigenvalues is given in Fig. 1 
The influence of the phonons shows up in the Liouville oper-
B. Correlation functions describing ESR
Irradiating the system with a microwave field Hx (t ) = Hx e -iwt perpendicular to the static field Hz induces transitions between the eigenstates of Hs. The ESR line shape is determined by the imaginary part X " of the complex suscep- (3.7)
Using explicitly i from Eq. (3.2) we arrive at the following equation of motion for xidt ): 
A. Eigenvalues in zeroth order approximation
Using only the IAik 12 of order 1 from Eq. (3.8) we ob- Here we have introduced the following abbreviations: Its solution as a function of g is shown in Fig. 3 (4.6a)meansAE/g= (2n + 1)IT max >l,i.e., also in the microscopic model we have to consider the high temperature range (for the J values of naphthalene the condition is satisfied for T> 6.8 K). Expression (4.6b) is derived by a series expansion in powers of(AE / g). It shows that for a fixed value of AE, i.e., a fixed orientation of the crystal, and increasing value of g the solution of the transcendental equation is given by x = /3. In this limiting case T max is determined by J only.
For naphthalene we have T max = 2.6 K.
B. Eigenvalues in first order approximation
Taking into account now also the IAik 12 of order 10- 
F is the largest matrix element of the fine-structure tensors.
To be consistent within our order of approximation we have rlA.zr. Furthermore we introduce the new coupling parameter g = gA.. Figure 4 shows rl(T,g) in a three-dimensional plot for the same parameter values as in Fig. 2 . Again n 34 z n56 zn(2J) has been used. The linewidth curves have a maximum as in the case of ro(T,g) but now for higher temperatures the linewidth increases again. This increase is due to r in Eq. (4.11). As is seen immediately from Eqs. (4.8), (4.9), and (4.10) for high enough temperatures the linewidth is given by rl(T,g) = gr, which is proportional to the temperature. The physical reason for this increase of the linewidth is the different orientation of the fine-structure tensors of the two molecules which induces relaxation within the energy states of one Davydov component. which may be solved numerically. For an approximate solution, which is pictured in Fig. 5 , we take into account that for small values of gl.J.E!iI.J.E 0;;;2), the contribution of r to the linewidth may be neglected in the range of the maximum. Therefore, the maximum is determined by the linewidth expression in lowest order which leads to Eq. x ----... FIG. 6. Graphic evaluation ofEq. (4.14) . The plot of h is for.:1E = 2.1 G and g=gG.
The extrema of the linewidth are then determined from
(4.14) v. CONCLUDING REMARKS
In this paper we have calculated analytically the temperature dependence of the ESR linewidth oftriplet excitons in a dimer consisting of two differently oriented molecules. The two molecules interact via the exchange interaction integral; the difference in their orientation is described by two differently oriented fine-structure tensors. The interaction between excitons and phonons is taken into account in the interaction Hamiltonian by terms linear in the phonon variables and gives rise to a scattering of the electronic excitation between the two Davydov components. Because of the different orientation of the fine-structure tensors we have a coupling between spin and orbital degrees of freedom which induces relaxation transitions also between the spin states of one Davydov component. Neglecting these transitions in zeroth order the theoretical ESR linewidth shows a maximum as a function of temperature. With increasing excitonphonon coupling strength this maximum shifts to lower temperatures and finally approaches a limiting value of 2.6 K (for the naphthalene dimer). Experimentally there is a maximum in the linewidth vs T; however this occurs at 1.7 K. In order to see whether higher order terms improve the agreement, the first order transition rates were computed, resulting in a more complex width vs temperature curve. However, even in this approximation the theoretical value of the temperature of the linewidth maximum is too high. In addition, applying the zeroth order theory to the equivalent dimer in naphthalene 1 ,2 yields a prediction that the maximum linewidth in that case should occur at a lower temperature than in the inequivalent case. This is in disagreement with experiment. Preliminary calculations show that taking into account quadratic phonon terms in the exciton-phonon interaction may shift the linewidth maximum to lower temperatures. These investigations will be reported at a later time.
